The small-sized frugivorous bat Carollia perspicillata is an understory specialist and occurs in a wide range of lowland habitats, tending to be more common in tropical dry or moist forests of South and Central America. Its sister species, Carollia brevicauda, occurs almost exclusively in the Amazon rainforest. A recent phylogeographic study proposed a hypothesis of origin and subsequent diversification for C. perspicillata along the Atlantic coastal forest of Brazil. Additionally, it also found two allopatric clades for C. brevicauda separated by the Amazon Basin. We used cytochrome b gene sequences and a more extensive sampling to test hypotheses related to the origin and diversification of C. perspicillata plus C. brevicauda clade in South America. The results obtained indicate that there are two sympatric evolutionary lineages within each species. In C. perspicillata, one lineage is limited to the Southern Atlantic Forest, whereas the other is widely distributed. Coalescent analysis points to a simultaneous origin for C. perspicillata and C. brevicauda, although no place for the diversification of each species can be firmly suggested. The phylogeographic pattern shown by C. perspicillata is also congruent with the Pleistocene refugia hypothesis as a likely vicariant phenomenon shaping the present distribution of its intraspecific lineages.
INTRODUCTION
In the last four decades, biodiversity researchers worldwide have proposed different models and mechanisms to explain the gigantic and unique species richness of the Neotropical rainforests, including the Amazon and the Brazilian Atlantic Forest biomes. Consequently, various hypotheses have been established: the refuge hypothesis (Haffer, 1969) , the riverine barrier hypothesis (Patton & da Silva, 1998) , and the Amazon lagoon hypothesis (Marroig & Cerqueira, 1997) , amongst many others. However, the alternative hypotheses underlying the rich Neotropical biodiversity are still vigorously debated, as well as the relative contribution of different factors and mechanisms.
The field of phylogeography, which comprises comparisons of phylogenetic relationships and geographic ranges among intraspecific evolutionary lineages and species, has provided a better understanding of Neotropical biogeography, as well as the identification of areas of endemism. Phylogeographic studies that focus on Neotropical vertebrate species have been important for testing these current biogeographic models, and provide empirical evidence that corroborates or refuse biogeographical hypotheses. Lessa, Cook & Patton (2003) predicted that refuges caused by pleistocenic climatic fluctuations would have caused bottlenecks and subsequent demographic expansion in endemic mammals, leaving a detectable pattern in surviving populations. However, it was shown that these predictions could only be applied for high latitude populations, and not for the Amazonian ones. The Atlantic forest is also known once to have been a fragmented biome with patches of drier areas (Lichte & Behling, 1999) . In a recent study, Carnaval & Moritz (2008) provided a model for the spatial range of the Brazilian Atlantic forest, under three climatic scenarios, and investigated whether the location of the forest refugia recognized by their model was consistent with the current patterns of endemism and phylogeographic data. A high congruence was found between the models and pollen records. They predicted the existence of a large and stable forest refuge in the state of Bahia, in the northeast of Brazil, and smaller refuges located along the Brazilian coast: one area north of the Paraiba river (called Pernambuco refuge) and possibly many small patches south of the Doce river. The historical instability regarding the coastal areas south of the Doce river, as predicted by Carnaval & Moritz (2008) , agrees with recent phylogeographic data described for many taxa (Costa et al., 2000; Costa, 2003; Pellegrino et al., 2005; Grazziotin et al., 2006; Cabanne, Santos & Miyaki, 2007; Martins et al., 2007) .
Although there are many phylogeographic studies on Neotropical mammals, only recently have bats become more represented in this literature. Bats are small mammals with an ability of powered flight that provides them a large capacity for long-distance dispersal compared to the low vagility shown by nonflying mammals. Consequently, bats may show markedly different phylogeographic patterns for their haplotype lineages compared to rodents and marsupials (Ditchfield, 2000) .
A general phylogeographic pattern observed in Neotropical bats was described by Ditchfield (2000) , who analyzed 17 species, using a 400-bp segment of the mitochondrial cytochrome b gene (cyt b). In general, this work revealed very low (or none) levels of phylogeographic structure in some species of bats. However, a number of factors such as feeding habits, roost site fidelity, colony structure, and dispersal patterns can influence the distribution of genealogical lineages and many studies have shown that a phylogeographic structure exists in bats (Larsen et al., 2007; Martins et al., 2007; Porter et al., 2007; Redondo et al., 2008; Velazco & Patterson, 2008) . Although the majority of studies investigated the molecular systematics of genera, they revealed a cryptic diversity for some taxa such as Artibeus obscurus, Artibeus jamaicensis (Larsen et al., 2007; Redondo et al., 2008) , Micronycteris megalotis, Micronycteris microtis (Porter et al., 2007) and Platyrrhinus helleri (Velazco & Patterson, 2008) .
The short-tailed fruit bat Carollia perspicillata Linnaeus (1758) is a widely distributed species, ranging from Mexico to northern Argentina, including Paraguay and Brazil (Pine, 1972) , being the most abundant and the most widespread member of its genus (Fleming, 1988) . This small-sized frugivorous bat is an understory generalist that can also be found in open areas (Fleming, 1988) . Although it occurs in a wide range of lowland habitats, it tends to be more common in tropical dry or moist forests than in tropical wet forests. Carollia perspicillata is an important seed disperser, especially for pioneer plants, such as Vismia, Solanum, and Piper, feeding preferably from the latter (Fleming, 1988; Charles-Dominique, 1991) . Because of its higher abundance in secondary than in pristine forests, C. perspicillata is considered an indicator of habitat disturbance when occurring in elevated frequency (Medellin, Equihua & Amin, 2000) . Also, because of its wide geographic distribution, abundance and foraging behaviour, C. perspicillata is a good candidate for testing the effects of forest fragmentation on the spatial distribution of lineages.
In his classical systematic revision of Carollia, Pine (1972) noted that intraspecific variation exists within the species of the genus, although he did not quantify this variation. Pine (1972) The first study presenting the phylogeographic pattern for C. perspicillata was performed by Ditchfield (2000) , who sampled 54 individuals from Brazil, French Guyana, and Mexico and found two clades (north and south), with a contact zone in the Brazilian northeast. This pattern was attributed to possible forest fragmentation with open areas. Pavan & Ditchfield (2006) , using restriction fragment length polymorphism data on a larger sample (65 individuals), also found the contact area described above.The Amazon samples analyzed presented both new haplotypes or shared haplotypes with north-east Atlantic Forest. compared patterns of intraspecific geographical variation within the five species of genus Carollia using the complete mitochondrial cyt b gene. These authors described the clade that includes C. perspicillata and C. brevicauda (almost restricted to the Amazon forest) as being the most derived clade in the genus. On the basis of the data obtained, bit without using any time estimation method, they suggested that these two species arrived and diversified in South America at a similar time, as a consequence of an historical event that separated the Atlantic Forest (originating C. perspicillata) from the Amazon (C. brevicauda). At the intraspecific level, two allopatric clades for C. brevicauda were found that were separated by the Amazon Basin: one within the Guyana shield and the other in the Tropical Andes. For C. perspicillata, three main clades were described, without any geographic correspondence, and only one basal haplotype in relation to such clades, which corresponded to one sample from Minas Gerais state, Brazil. On the basis on this topology, it was suggested that South America would have been the original area of diversification for the species, probably along the Atlantic coastal forest of Brazil (where the basal haplotype is located).
In accordance with the patterns of the studies described above, the present study uses cyt b sequences and a more extensive sampling to test the hypotheses raised by Ditchfield (2000) and . The study aimed to answer the following questions: (1) Did C. perspicillata and C. brevicauda originate at a similar time? If so, can we date such an event and correlate it with geological and historical events in South America? (2) Is it possible to infer the original areas of diversification for both species? (3) Does C. perspicillata show a phylogeographic pattern with low structure, as suggested by Ditchfield (2000) , or does it show a more complex pattern, as suggested by ?
MATERIAL AND METHODS

SPECIMENS SAMPLED
We analyzed 96 individuals of C. perspicillata and C. brevicauda. The dataset included the 12 sequences of C. brevicauda and the 16 sequences of C. perspicillata used by , available at GenBank, as well as 68 newly-generated sequences in the present study. A total of 80 samples, from 39 localities, including those analyzed by Ditchfield (2000) , were used for C. perspicillata (Fig. 1B ). For C. brevicauda, four specimens from two distinct localities were sampled and added to the sequences obtained from GenBank, giving a total of 16 sequences in 13 localities (Fig. 1A) . The published sequences of Carollia castanea, Carollia sowelli, and Carollia subrufa deposited at GenBank were also used as outgroups. The individuals and localities sampled in the present study, as well as the institutions where the vouchers are located, are provided in the Appendix (Table A1 ).
DNA EXTRACTION, AMPLIFICATION, AND SEQUENCING
DNA was extracted from liver tissue by standard phenol-chloroform-isoamyl-alcohol method (Sambrook & Russel, 2001) . The primers and protocols used for the polymerase chain reaction amplification and sequencing of the complete mitochondrial cyt b gene were conducted as described previously Redondo et al. (2008) . 
PHYLOGENETIC ANALYSIS
Three different phylogenetic methods were used: maximum parsimony (MP) and maximum likelihood (ML) were implemented in PAUP*4.0b10 (Swofford, 2002 ) and a Bayesian method was performed using MrBayes 3.1.2 (Ronquist, Huelsenbeck & van der Mark, 2005) . The MP analysis was performed by means of heuristic searches, with 1000 replicates of random addition of taxa and tree-bisection reconnection (TBR). Confidence in the clades was indicated by Bremer decay indices implemented in PRAP (Müller, 2004) .
ML analyses used the Hasegawa-Kishino-Yano model of DNA evolution, with heterogeneous rates following a gamma distribution that used the shape parameter a = 0.8764 and a proportion of invariant sites I = 0.5640, as indicated by MODELTEST, version 3.1 (Posada & Crandall, 1998) . For ML analysis, the search was heuristic, using the TBR algorithm and random addition of taxa. The Bayesian inference was performed using two independent runs of four Markov chains (one cold and three heated), with 3 ¥ 10 6 generations, sampling every 100 generations. The first 25% of the sampled trees and estimated parameters were burned off to allow the chains to reach stability.
In addition, cyt b haplotype networks were also generated using the median-joining algorithm (Bandelt, Forster & Röhl, 1999) implemented in NETWORK software (http://www.fluxus-engineering. com).
INTRASPECIFIC AND COALESCENT ANALYSIS
Diversity patterns of both species were explored using estimates of haplotype and nucleotide diversities, as well as genetic divergences between intraspecific groups. Tajima's D neutrality test (Tajima, 1989) , using intraspecific genetic variability, was performed to verify population expansions, using the software packages DNAsp, version 4.20 (Rozas et al., 2003) and ARLEQUIN, version 3.1 (Excoffier, Laval & Schneider, 2005) .
To test the hypotheses proposed for this group by , which includes a speciation event along the same time frame for both C. perspicillata and C. brevicauda involving allopatry, we estimated the time to the most recent common ancestor (T MRCA) for each species and their respective lineages using a Bayesian coalescent approach implemented in BEAST, version 1.5.3 (Drummond & Rambaut, 2007) . We used the same evolutionary model calculated above with MODELTEST, leaving the frequencies and parameters estimates as mean priors on the distributions. Tree priors were generated using the coalescent with constant population size and a relaxed clock drawn from an uncorrelated exponential distribution (Drummond et al., 2006) ; the tree heights priors followed a normal distribution with mean of 0.5 Myr for each species and 1.0 Myr for both species. The prior for the rate of evolution was drawn from a normal distribution with mean of 2.6% per million years as calculated by Hoffmann, Owen & Baker (2003) for phyllostomid bats. The Markov chain Monte Carlo analysis used 40 000 000 generations sampling every 1000 generations; the first 10 000 steps were discarded as burn-in.
RESULTS
MITOCHONDRIAL DNA SEQUENCE VARIATION
The complete cyt b gene (1140 bp) was sequenced in all specimens. Sequences from 65 individuals, each of them presenting a different haplotype, were submitted to GenBank, under accession numbers FJ589651-FJ589715. For C. perspicillata, 75 unique haplotypes were identified within the 80 individuals sampled. Among the 1140 aligned sites, 192 nucleotide substitutions were found, of which 148 were transitions and 44 were transversions; there were 172 polymorphic sites. In C. brevicauda, each individual had a distinct haplotype. The data set comprised 1140 aligned sites, of which 98 were nucleotide substitutions, 84 were transitions, and 14 were transversions. There were 95 polymorphic positions. The mean intraspecific divergence (p-distance) within C. perspicillata was 1.8% and 2.1% within C. brevicauda.
EVOLUTIONARY RELATIONSHIPS
All phylogenetic analyses (Bayesian, MP, and ML) yielded similar topologies (Fig. 2, S1 ). The two species are monophyletic with high bootstrap support values. The genetic distance observed between the intraspecific lineages is similar to that previously described for such species; it remains within the expected range for phyllostomid bats (Bradley & Baker, 2001 ).
There are two distinct clades in C. brevicauda, as previously described . However, the addition of four new samples from Brazil showed the existence of a contact zone between those clades in the locality of Santa Isabel do Rio Negro, AM, located on the left margin of Rio Negro. In this locality, two individuals bearing haplotypes belonging to different clades were sampled (AD 878 and AD 911; Fig. 2 ). This points to a sympatry of divergent lineages, contrary to the allopatric distribution proposed before; thus, it may be a secondary contact zone. All phylogenetic analyses resulted in the same clades for C. brevicauda, with a high bootstrap support.
Carollia perspicillata presents a more complex pattern. There are two main clades for this species: the first clade (N = 52) is formed by the bats from all other sampled locations (Widespread clade) and the second clade (N = 28) is formed by specimens from south-east Brazil (the South-east clade; Fig. 2 ). The same topology was found by all phylogenetic methods, with bootstrap support and high Bayesian posterior probabilities. Regarding the subspecies described by Pine (1972) , the genetic lineages found here for C. perspicillata bear no relationship with them, corroborating the analysis made by McLellan (1984) using morphometric data.
The Widespread clade is further divided into three subgroups (A, B, and C; Fig. 2) , which correspond to the same phylogroups found by , although without any geographic correspondence. High support values for these phylogroups were found only for the Bayesian analysis. The Southeast clade contains predominantly individuals from the Brazilian Southern Atlantic Forest with only one exception coming from the Cerrado (MM04). However, some individuals from this region represent cyt b haplotypes grouped within the Widespread clade (YL334, AD 444, AD 284). This observation can be explained by incomplete lineage sorting or by contemporary migration. The Widespread clade is composed by individuals coming from all Biomes studied including Northern and Southern Atlantic Forest, the Cerrado, and Amazon. The Bayesian trees showing the detailed phylogenetic relationships between individuals of C. perspicillata's South-east clade and C. perspicillata's General clade are provided in the Appendix (Table A1 ).
This South-east clade contains the individual AD 371 (MVZ185533) from Caratinga (Minas Gerais, Brazil), which represents the basal haplotype for C. perspicillata shown in the previous study . Nevertheless, the present analysis shows a distinct phylogenetic relationship among the lineages of C. perspicillata to that presented previously. Alternatively, the haplotype cited above belongs to the sister group of the Widespread clade, which contains the three phylogroups described by (Fig. 2 ; see also Appendix, Table A1 ), and is not basal to it. Also, we can observe a star-like phylogeny for this clade, which suggests recent population growth (Slatkin & Hudson, 1991) . Consequently, based on this sister lineage, the results of the present study do not support the previous hypothesis regarding the origin of C. perspicillata in the Southern Atlantic Forest.
The haplotype network (data not shown) has also detected the same pattern of haplotype clustering as depicted in Figure 2 , including all clades and subdivisions for both species.
COALESCENT ANALYSIS AND DIVERGENCE TIMES Table 1 show coalescent estimates for the TMRCA of each species studied, which are very similar (688 300 years for C. perspicillata and 696 700 years for C. brevicauda) and the TMRCA for both species, which was approximately 1.036 million years ago, a time coherent with the Pleistocene glacial episodes. The neutrality test result, however, showed distinct values for each species, indicating a history of recent expansion in population size only for C. perspicillata. The results of the coalescent analysis, as described for the TMRCA, showed a similar time of origin for both C. perspicillata and C. brevicauda during the Pleistocene, as hypothesized by . However, it is known that a non-neutral model of population growth influences the TMRCA estimate, meaning that values found by this method can be underestimated in cases where the population analyzed has gone through a bottleneck (Wakeley, 2008) . Because the neutrality tests suggest that C. perspicillata experienced an abrupt population growth in the recent past, it is probable that the estimate of the T MRCA estimated represents the time of this demographic event. This means that the TMRCA of C. perspicillata must have been earlier, although we were unable to infer how many years before. We consider, however, that the difference between the TMRCA in both species is minimal, and this result allows us to suggest that they originated almost simultaneously following vicariant events in the Amazon during the Pleistocene. As a test, a simple parsimony area analysis using the locations of the haplotypes indicated in Figure 2 shows that the common ancestor of both C. perspicillata and C. brevicauda maps to Amazon Region. Therefore, it is very likely that the same historical process is responsible for the patterns described for both species.
PHYLOGEOGRAPHIC PATTERN OF EACH SPECIES
Carollia brevicauda presents two main evolutionary lineages, the first including individuals from the Guyana shield and the second covering localities from Panama to the Bolivian and Brazilian Amazon. These lineages are sympatric, at least in part of their geographic ranges. They present a contact zone in the Brazilian state of Amazonas, where two individuals from the same locality had haplotypes from different lineages. The results of the coalescent analysis revealed a T MRCA that was slightly older for the Andean clade than for the Guyana clade. At the same time, the marginally significant neutrality test suggests a possible event of demographic expansion just in the Guyana lineage. These differences, however, can be attributed to the reduced sampling. An increase of individuals analyzed in the Guyana clade could result in a different scenario because it is known that a low number of samples (less than ten) may influence the estimates based on the coalescent process (Wakeley, 2008) . Although we have a limited sampling for C. brevicauda, considering both the results and the species distribution of the present study, it is tempting to assume an equatorial origin for C. brevicauda, somewhere in the Amazon. Furthermore, a vicariant event later in the Pleistocene maybe likely the cause of the two divergent clades observed, with a contemporary secondary contact zone appearing in central Amazon.
For C. perspicillata, two main evolutionary lineages were found. Individuals from Bahia to Paraná states, on the Brazilian South Atlantic Forest, comprise the first. The second and geographically more widespread lineage is distributed along the Brazilian North Atlantic Forest, the Cerrado, and the Amazon, as well as in other biomes of South and Central America. Coalescent analysis points to different times for the diversification process of each lineage, as indicated by the estimates of T MRCA, with the South-east clade probably diversifying more recently. It is important to highlight that these lineages found for C. perspicillata bear no relationship to the subspecies described by Pine (1972) , corroborating the results of McLellan (1984) using morphometric data. However, given the phylogeographic and demographic patterns reported in the present study, we were able to infer a different scenario for the origin and diversification for both species. By contrast to , the results obtained in the present study for C. perspicillata are compatible with an Amazonian origin because populations in this region present a higher diversity and more lineages from different clades. The Northern Atlantic Forest and the Amazon exchange a considerable amount of haplotypes and the Cerrado region appears to permeate all clades. This pattern is coherent with a scenario where the Cerrado has a significant input of migrants from the Amazon, and the Northern Atlantic forest has been colonized by individuals from the surrounding biomes, independently of the Southern Atlantic forest populations (South-east clade). Furthermore, the demographic analysis of the South-east clade indicates a recent bottleneck and founder effect followed by rapid population expansion in the Southern Atlantic Forest biome.
DIVERSIFICATION OF C. PERSPICILLATA IN THE BRAZILIAN ATLANTIC FOREST
Numerous studies recognize the Atlantic Forest as a composite area, with biome subdivisions first recognized in amphibians (Muller, 1973; Lynch, 1979) , reptiles (Vanzolini, 1988) , and birds (Cracraft & Prum, 1988 ) using parsimony analysis of endemicity. Recent phylogeographic studies in different vertebrate groups have also pointed to a latitudinal differentiation in this biome. Costa (2003) described such patterns for three species of nonflying small mammals, recognizing northern and southern components for the genera Rhipidomys, Micoureus, and Metachirus. Grazziotin et al. (2006) found the same division on the Atlantic Forest for the lancehead pitviper Bothrops jararaca, describing a long history of constant population size followed by a recent expansion estimated to have occurred in the Pleistocene approximately 0.1 Mya ago. Another study by Lara & Patton (2000) found a similar pattern for rats of the genus Trinomys with two clades occurring on the coast and in the interior plateau of Brazil, respectively. We found this same pattern of latitudinal differentiation within the Brazilian Atlantic Forest for C. perspicillata, with southern and northern groups. The fact that C. perspicillata has a mitochondrial clade that corresponds to south-east Brazil was shown by Ditchfield (2000) on a smaller scale. Martins et al. (2007) also found a monophyletic mitochondrial clade in south-east Brazil that bears a significant negative value of Tajima's D that is congruent with a scenario of recent expansion. It was suggested that Pleistocenic fluctuations would have limited the Atlantic forest to the steep humid slopes in this region, meaning that only very small fragments of forest remained in this period. That would have caused a drastic reduction in the effective number of forest-dwelling species and a subsequent expansion when the conditions changed. A similar scenario was described for a southern phylogroup of B. jararaca (Grazziotin et al., 2006) . However, C. perspicillata presents a slightly different pattern to the ones obtained for the previously studied species. Although the finding of a recent population expansion in south-east Brazil agrees with a recent occupation of this biome, the phylogenetic trees and phylogeographic network (data not shown) depicts separate colonization events between northern and southern parts of the Atlantic Forest. Thus, we hypothesize that another historical process could have been responsible for this scenario. Although past climatic oscillations must have contributed to forest fragmentation and vicariance as a result of the Pleistocenic refugia in the Atlantic Forest, there were also corridor patches of savannas formed between the Amazon and Atlantic Forest in interglacial periods; these events could have generated distinct lineages in forest-dwelling animals such as the understory dwelling C. perspicillata.
Moreover, the pattern found in C. perspicillata also coincides with that found of Trinomys (Lara & Patton, 2000) with respect to the types of vegetation and current humidity gradients: one clade from which the samples' geographic distribution coincides with the geographic range of forested, more humid areas in south-east Brazil, whereas another clade has samples from the interior plateau, characterized by savannalike habitats. The coalescent time estimates also corroborate the idea that C. perspicillata's phylogeographic pattern was shaped by the same historical climatic events that shaped the distribution of other species in the same area. All of the estimates of time fall within the Pleistocene epoch (0.01-1.8 Mya).
In the present study, we describe a detailed phylogeographic pattern confirming that the species comprises two major clades along its distribution range. We also found that the latitudinal division between these lineages appears to coincide with that described for other groups of vertebrates. Because C. perspicillata is an understory specialist, past forest fragmentation could have played a major role in shaping the contemporary distribution of genetic lineages.
CONCLUSIONS
The present work provides a more detailed picture for the origin and diversification of the most derived clade of the genus Carollia. According to our phylogenetic and coalescent data, C. perspicillata and C. brevicauda could have diversified simultaneously, through the same historical event approximately 0.7 Mya. However, the results of the present study obtained with a large sample did not identify basal lineages for either species, a criterion used in a previous report to suggest areas of origin and diversification for both species. Consequently, if we assume that the sister species C. perspicillata and C. brevicauda have been both derived from a single speciation event in South America, the most parsimonious place for their common ancestor is likely the Amazon. Furthermore, if we equate the intraspecific phylogenies of both species with their history of origin and diversification, the distribution of lineages and clades as well as the indication of a more recent colonization of the Atlantic PHYLOGEOGRAPHY OF SHORT-TAILED BATS 535
Forest by C. perspicillata also indicates an Amazon origin.
The phylogenetic and phylogeographic histories of these two species of Carollia, specifically C. perspicillata, represent another piece in the puzzle of Neotropical biogeography. However, they corroborate the relative importance of vicariant events during the Pleistocene, such as cycles of contraction and expansion of forested areas, particularly in the Amazon, for the diversification and speciation in South America. 
APPENDIX
